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A B S T R A C T   
Quantitative systems modelling in support of climate policy has tended to focus more on the supply side in 
assessing interactions among technology, economy, environment, policy and society. By contrast, the demand 
side is usually underrepresented, often emphasising technological options for energy efficiency improvements. In 
this perspective, we argue that scientific support to climate action is not only about exploring capacity of “what”, 
in terms of policy and outcome, but also about assessing feasibility and desirability, in terms of “when”, “where” 
and especially for “whom”. Without the necessary behavioural and societal transformations, the world faces an 
inadequate response to the climate crisis challenge. This could result from poor uptake of low-carbon technol-
ogies, continued high-carbon intensive lifestyles, or economy-wide rebound effects. For this reason, we propose a 
framing for a holistic and transdisciplinary perspective on the role of human choices and behaviours in influ-
encing the low-carbon transition, starting from the desires of individuals and communities, and analysing how 
these interact with the energy and economic landscape, leading to systemic change at the macro-level. In making 
a case for a political ecology agenda, we expand our scope, from comprehending the role of societal acceptance 
and uptake of end-use technologies, to co-developing knowledge with citizens from non-mainstream and mar-
ginalised communities, and to defining the modelling requirements to assess the decarbonisation potential of 
shifting lifestyle patterns in climate change and action.   
1. Acknowledging the problem 
2020 remains the first of a series of milestones to tackling climate 
change and delivering on the Paris Agreement, despite postponing the 
26th Conference of Parties (COP26) due to COVID-191, which could play 
a decisive role in the direction and ambition of new pledges2. Parties to 
the UNFCCC are expected to submit updated Nationally Determined 
Contributions (NDCs) towards 2030 and mid-century greenhouse gas 
(GHG) emissions development strategies, followed by the 2023 Global 
Stocktake of collective progress and gaps. In some cases, this is not as 
straightforward a process as the original submission of NDCs in 
2015–2016, involving significantly larger amounts of effort. For 
example, the European Union (EU), being both among top emitters and 
one supranational body with a collective action pledge, faces the addi-
tional challenge of achieving and monitoring progress at both Com-
munity and Member State level [1]. Regardless of scale, however, 
effective climate action requires that a jigsaw of regulatory initiatives be 
put together, altogether comprising effective, socially acceptable, and 
robust climate policy in a globally coordinated, cooperative and timely 
manner. It must also consider the Sustainable Development Goals 
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(SDGs) [2], which loom large in global and regional policymaking, 
thereby adding a further layer of complexity. 
Science in support of developing mitigation pathways—heavily 
underpinned by energy system, sectoral and integrated assessment 
models (IAMs)—attempts to assess interactions within the spectrum of 
highly intertwined pillars of technology, economy, environment, policy 
and society [3]. Whatever the theory, structure and coverage of these 
tools [4], modelling practice tends to focus predominantly on the 
supply-side action space [5], despite most well-below-2 ◦C-compatible 
mitigation scenarios describing transformations in both energy supply 
and demand. 
Relatively, demand is largely underrepresented, via technological 
options in energy efficiency improvements. Values, choices, cohesion, 
culture, and lifestyle shifts in society are indirectly narrated as as-
sumptions [6] not interacting with the vividly modelled flows between 
technology, economy, environment, and policy. Even modelling sce-
narios looking at end-use transformations, like digitalisation of daily life 
and pervasive integration of new information technologies into energy 
services [7], mostly explore the maximum potential of technological 
breakthroughs taking into account a number of behavioural changes but 
not fully exploring how they could come about or how realistic they are. 
They overlook that, without the necessary behavioural and societal 
transformations, the world is very possibly looking at a generalised, 
society-wide rebound effect resembling known paradoxes [8,9]. This 
diverse range of possible, potentially large rebound effects is not suffi-
ciently explored. 
For instance, with consumers enjoying access to a multiplicity of 
energy-efficient yet easier and openly accessible services, living poten-
tially outside environmental limits, energy use may instead grow [10]. 
This has been the case over the last quarter century, with energy con-
sumption increasing far quicker than population growth, despite the 
uneven distribution of benefits from increased energy access [11] and 
energy efficiency being considered a top priority in some regions. More 
recently, increasing Google services users tripled respective energy 
consumption during the past eight years. The annual carbon footprint of 
cryptocurrency mining networks is now comparable to national econo-
mies [12]. The majority of global bandwidth is consumed for video 
streaming. And so on [13]. And, although free access to emerging digital 
services is socially beneficial and contributes to sustainability in various 
manners (for instance, by reducing inequalities), it may not be in 
keeping with the traditional climate policy model and required sus-
tainability efforts [14], when referring to highly energy-consuming 
lifestyles. Nevertheless, to date, only limited attention has been paid 
to the demand side of energy transition. Recent, yet scarce, examples of 
research in the demand side include the multiple dimensions of struc-
tural changes [15]; the role and readiness of individuals and households 
[16]; psychological barriers at the household level [17], the importance 
of social innovation and systemic forms of social change [18]; challenges 
of energy sufficiency [19] and living within planetary boundaries; social 
justice [20] and gender aspects [21]. 
These observations and knowledge gaps have been evident in the 
coronavirus health emergency as well. The policy and market responses 
to the pandemic, including imposition of social lockdowns [22] and 
disruptions to global supply chains [23], have led to unprecedented 
short-term reductions of GHG emissions that are expectedly comparable 
to the Paris-compliant, year-on-year decrease rates necessary in the 
coming decades [24]. Fuelled by confinement rather than freewill, 
however, most of the changes contributing to the environmental silver 
lining of COVID-19 are likely to be temporary as they do not reflect the 
desired structural changes in the economic, transport and energy sys-
tems [25]. Moreover, a socio-economic rebound of COVID-related con-
sequences has already shifted burdens, reallocating the care work and 
diverting electricity costs over to households and individuals, opening 
further discussion on gender roles, energy poverty and justice [26]. 
While discussions focus on the governments’ eagerness to recover, make 
up for lost economic ground and even push towards a rebound with even 
higher emission pathways compared to pre-pandemic trajectories, with 
implications for progress on climate change [27] and sustainable energy 
infrastructure [28], there appear to be little targeted planning and 
communication strategies for a recovery based on more sustainable 
practices and lifestyles. In this scientific ‘opportunity’ to ground a new 
research agenda [29], behavioural science is critical [30] to explore and 
model the ways, in which such extreme situations could alter future 
trajectories [31]: should the coronavirus-related massive and rapid 
behavioural responses of the general citizenry [32] be taken for granted, 
or are citizens to be considered eager to return to the previous norm, 
with the expected exception of some social distancing measures [33] 
and voluntary working-from-home habits [34]? Again, the question on 
‘who benefits’ from these arrangements is highly relevant, given that not 
everyone has the same opportunity to socially distance or work from 
home. 
Given the over-reliance on supply-side solutions to address climate 
change [5], there is increasing focus on the realism of such solutions, 
particularly negative emissions technologies, in light of large-scale 
feasibility uncertainties [35], window of opportunity [36], resource 
requirements [37], and potential to induce prevarication [38,39]. 
Hence, there is an increasingly urgent call for focus on demand-side 
solutions [40,41], with examples emerging of pathways that lean 
heavily on demand and behavioural measures [7,42]. There is also a 
clear realisation that, despite increasing interest in bold supply-side 
solutions [43,44,45], such solutions will not work unless they pass the 
political economy test, including on the distributional, equity and justice 
fronts [20,46]. With progress happening on all fronts of transitions 
studies [47] and acknowledging the potential of complementarities 
among disciplines [48] in capturing the broad capacity and implications 
of climate action and improving the quality of knowledge interactions 
[49], researchers from the quantitative systems modelling community 
and those from social sciences and humanities have been reaching out to 
one another, calling for convergence [1,50,51,52,53,54]. 
The scientific community has acknowledged that more research is 
needed in behavioural change, on extremes, and from multiple disci-
plines and communities, but it does not yet have an integrated analytical 
framework for doing this. This commentary addresses the gap and 
proposes a framing for a holistic perspective on the role of human 
choices and behaviours in influencing the energy transition. Starting 
from the desires of individuals and communities, and analysing how 
these interact with the energy landscape, the framework provides di-
rection on how this could lead to systemic change at the macro-level. 
Below, we highlight the role of societal acceptance and uptake of end- 
use technologies; the importance of engaging with, learning from and 
co-developing knowledge and solutions with citizens from non- 
mainstream communities (i.e. intentional projects and groups that are 
disinterested or have been systematically marginalised and even 
excluded from decisions-making processes); and the modelling re-
quirements to assess the decarbonisation potential in shifting lifestyle 
patterns. In doing so, we emphasise the role of different scientific dis-
ciplines and of bodies of knowledge in understanding the micro- and 
macro-level changes in societal, technological and energy transitions. 
2. Disaggregated understanding of the diffusion of social 
innovation 
The first goal of bridging disciplines to tackle climate change lies in 
scaling up low-carbon innovation, from individual to community and 
then to wider society, and developing characteristics of user profiles 
based on various economic, political, and socio-cultural backgrounds. 
This helps to acquire a more disaggregated understanding of the diffu-
sion of technological innovation, including product and services [55], 
and social innovation [56]. Understanding individual behaviours and 
preferences, and how these aggregate up to group and society levels 
leading to fundamental change across the entire economy and society 
[57], is vitally important, as it allows an understanding of the 
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acceptance and viability of different policies and measures. But it is also 
a critical step in designing models of technological and behavioural 
transitions to reflect real-life conditions more realistically. Attention 
must be paid to how people’s social relations influence energy demand 
[58], while aspects of ‘energy sufficiency’ [59], ‘downscaling’ and ‘en-
ergy descent’ [60] must be explored, as drivers of behaviour change 
through direct and embodied energy use that cuts across electricity and 
heat, buildings, transportation, the food system, and as drivers of 
degrowth with potential impacts on industry. At the end of the day, 
framing energy as a social relation is crucial given that the political 
nature of nature–society relations can arguably be best manifested over 
energy decisions and the social power constellations these give rise to 
[61,62]. 
Another important dimension that has so far been understudied lies 
in impacts on environmental, energy and climate justice [63,64]: shifts 
in behaviour, energy provision and access to services may lead to un-
equal distributional outcomes and further social injustices across gen-
erations [65] and across income groups, labour, race, and gender [66], 
with the latter being underrepresented in the literature [67] yet central 
in formation, response and responsibility bearing of energy transitions 
[68] and intertwined with climate justice itself [69]. At the same time, 
resulting changes in material consumption may significantly impact 
manufacturing and, in turn, employment in associated industrial sectors. 
Strictly formalised modelling frameworks alone are insufficient to delve 
into such impacts, and this is where quantitative evidence can be 
qualitatively supported, for example via sparking the imagination of 
“what if” scenarios [70]. 
Systems of Innovation frameworks can be used to carry out extensive 
sociotechnical analyses that further and more meaningfully inform 
quantitative systems modelling exercises [71]. Such approaches can 
help capture the real-life context and better explore, and map [72], 
societal innovations in terms of lifestyle changes. These need not be 
limited to supply-side technologies [73], as is mostly the case in the 
literature, but extend their scope to behavioural shifts, such as dietary 
selections [74], energy and other consumption profiles, investment de-
cisions, means of transportation and modal shifts [75], and broader 
lifestyle changes, exploiting the capabilities of the diverse multiplicity 
[76], or combinations, of these frameworks [77]. 
Computational modelling can play an influential role in research and 
high-level policymaking on the diffusion of technological and social 
innovation and understanding interactions between key characteristics 
of consumers’ behaviour affecting investment decisions. For example, 
there are integrated assessment models [78,79] that explicitly simulate 
the decision-making processes of heterogeneous decision makers (with 
different objectives, search strategies, and decision methods) in the 
energy system [80]. Such models, combining top-down approaches with 
agent-based modelling, allow the integration of several decision-making 
steps towards capturing a realistic representation of energy markets in 
transition, including information gathering, performance assessment 
and alternative option selection [81]. 
Furthermore, the transitions research agenda should acknowledge 
the need to explore game-changing business models and novel regula-
tory frameworks that can monetise and maximise the value of techno-
logical capability so as to engage citizens and incentivise changes at the 
household level. In this respect, modelling frameworks can help explore 
the benefits of different technological configurations towards energy 
autonomy [82], as well as the ways in which envisaged innovations can 
be adopted by and diffused into households of different profiles [83]. 
From a modelling perspective, research can also delve into policy in-
struments and market models that target low-carbon investment or 
purchasing decisions [84] based on consumer preferences, explore 
policies that go beyond market models [85], as well as simulate real-life 
behaviour and modal shifts [86,87]. In doing so, demand-side insights 
can complement supply-side research, by better informing tipping 
points or barriers for electrification strategies, evolution of infrastruc-
ture and introduction of low-carbon or carbon–neutral fuels. 
3. Co-developing knowledge: discursive and fun engagement 
Energy transitions cannot be detached from society [88], nor ideal-
ised by theoretical modelling alone, in questioning the societal desir-
ability of sustainable transitions. How can we gain an understanding of 
individual, group and societal behaviours and preferences in respect to 
climate change and action, if not by engaging with society itself [89]? 
Initiative-based learning has for years been proposed as an approach to 
understanding expectations and strategies of actors on the ground 
[90,91], and therefore to exploring and evaluating transitions [92]. But, 
despite its strength in dealing with the complexity of transitions at the 
local level, its short-term, micro-scale insights [93], however valuable, 
are not tailored to inform or draw from the more generalised modelling 
exercises dominating the climate science literature. As a result, the role 
of community, e.g. grassroots initiatives, in social transformation to-
wards decarbonisation is often underestimated. The combined effort of 
these initiatives, when scaled up, pose as alternative viable and desirable 
pathways, rather than standalone cases operating in silos. 
Citizen-led transformations link mobilisation, network formation 
and institution building for sustainability transitions, and interact with 
state- and market-led transformations in many ways [94]. Political 
agency is central to such endeavours by challenging assumptions and 
engaging with alternatives that may be invisible to the mainstream view 
[95], such as post/degrowth initiatives at the local and regional levels 
[96]. These transformations also engage in societal innovation by 
navigating the transformative climate action ‘in, against and beyond the 
state’ in the transnational space [97]. These groups, however, along 
with their societal and cultural power, are not fully taken into consid-
eration in shaping global future scenarios, such as those given in the 
Shared Socioeconomic Pathways (SSP) narratives and quantitative tra-
jectories [98]. 
Among other criticisms, including infeasibility [99], incompatibility 
[100] and anchoring to storylines that may be invalidated from a risk 
perspective [101], SSPs in particular have been challenged by local-
isation and down-scaling attempts leading to several-fold increases of 
plausible futures [102]. It is, therefore, imperative that socioeconomic 
model scenarios be grounded with diverse local communities, where 
most of the unexpected transformations occur. In doing so, key research 
questions can be answered:  
- How do people in different levels of organisation, in the grassroots 
organisations, neighbourhood associations and local authority 
levels, perceive and contribute to the representation of global so-
cioeconomic pathways?  
- What types of scenarios, model outputs and futures are imagined, 
represented, and legitimised?  
- What are the barriers and enabling factors for envisioning desirable 
future scenarios regarding transformative climate action across 
different organisational levels? 
These knowledge gaps must be explored, by looking at where and 
why unexpected transformations take place [103], what are the root 
causes and drivers of these new waves of transformation, how trans-
formational leadership plays a role and spills over to the masses, and 
how grassroots innovations for decarbonisation [104] can move beyond 
business-as-usual for transformative change [105,106]. Such an agenda 
can help co-produce cutting-edge knowledge with societal end-users in 
combining horizontal (across diverse social groups, across space) and 
vertical (across time) dimensions of societal scenarios towards shared 
futures, and address the ’failure of imagination’ [107] on climate 
change, from an interdisciplinary perspective. Imagining new societal 
futures, including the policies, technologies, behaviours, values and 
change processes, is something that scientists and decision-makers need 
to learn, visualise and put into practice [108]. 
Micro-scale projects can also help gain insights into, duplicate and 
upscale local success stories, for example by understanding the 
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concerns, motives and preferences of citizens coming from intentional, 
non-mainstream communities, in which climate-friendly lifestyles and 
energy profiles are already a reality: eco-villages [109], transition towns 
[110], slow food [111], alternative housing models [112], youth 
movements [113], etc. Science is well-equipped with appropriate tools 
to facilitate engaging [114] with stakeholders at the local scale, towards 
capturing the ambition driving their motivation [52], as well as their 
concerns and factors hampering further action, as lessons to be learnt 
and diffused. These can include multi-criteria group decision aid [115] 
and consensus measuring [116], to capture the ambition driving 
engaged individuals’ motivation. 
Deliberative settings [117], in particular, can promote co-creation of 
the future and unlock capacity for long-term climate action [118]. 
Scaling well-proven methods of deliberative democracy to reach critical 
mass can show the road to relevant or accepted policies and communi-
cation activities towards the general public [119]: engaged citizens of 
truly diverse profiles in such discussion platforms are free of agenda and 
vested interests [120]; as such they are representative of the diversity of 
their country or community [121], and hence reflect the blockades and 
drivers for change. They furthermore go through a condensed process of 
education, through interaction with experts and other stakeholders, as 
well as deliberation, since the diverse groups go through a process of 
collective intelligence [122]. They can, therefore, output a set of rec-
ommendations that find collective acceptance because of this inclusive, 
fact-based, deliberative process [123], thereby overcoming ‘societal 
ceilings’ [124] boosting uptake of sustainable lifestyles [125]. 
Lessons from participatory settings can fuel meaningful engagement, 
with actors whose voices often go unheard and with unengaged com-
munities and people with no representation in the low-carbon agenda 
[126] or limited interest/understanding and efforts to reduce carbon 
footprint and improve quality of life. Fuzzy cognitive maps [127], for 
instance, have been established as a communication and learning tool in 
scenario studies [128] and extended to assess strategies and their 
vulnerability to uncertainties [129], allowing citizens to evaluate 
climate policy strategies from their point of view, and inform [130] or 
improve [131] modelling exercises. As a commitment, however, the 
scientific community at large needs to embrace the true meaning of 
knowledge co-production and move beyond the sole realm of validation 
of results or consultation without any transformational impact, towards 
the ethos of creating partnerships with society [132]. Such settings, 
going beyond symbolic effort to creating alliances of science and society, 
can genuinely help understand how society’s aspirations can be mapped 
[133] onto requirements and opportunities of a transition driven by 
lifestyle changes, building on evidence of the importance of dialogue to 
achieve distributional justice and gender equality [134]. 
A recent example of deliberative co-creation has been observed with 
the Climate Convention in France. In this dialogue, 150 citizens were 
given the power to propose legislation to reduce GHG emissions by 40%, 
before 2030, in a social justice spirit3, eventually calling for a referen-
dum to modify the French Constitution in protection of biodiversity, the 
environment and the fight against climate change and to introduce the 
‘ecocide’ crime in the penal code. 
Another means to encourage action during participatory educational 
processes lies in gamification [135]. ‘Role playing’ and ‘serious games’ 
have been used for social learning and simulating transitions across 
various environment, energy, and climate issues [136,137,138]. Via 
companion modelling [139], models can be coupled with such games to 
capture insights of different collaborators and allow them to interact 
with or give rise to decision rules and behavioural elements, revealing 
stakeholder-induced effects. This interaction of actors with a simulated 
environment according to specific rules can be useful to transitions 
research aimed at citizen engagement, raising awareness, and under-
standing lifestyle changes [140]. On one hand, robustness and 
completeness of analysis of sustainable transitions pathways are 
enhanced: climate and climate-economy modelling can be integrated 
with game outputs [141], by incorporating elicited information, 
including players’ lifestyle choices, which can determine emissions re-
ductions from reference scenarios when scaled up from individual to 
local, to national and global levels. On the other hand, gaming can be 
both educational [142] and entertaining [143] for the players: upon 
linking bottom-up preferences to top-down modelling assessments of 
behaviours and policies across energy, transport, food and buildings, 
engaged citizens can interact with one another, be informed on latest 
scientific findings, explore lifestyle options [144] leading to different 
climate results, and experience the role of one another, increasing 
mutual understanding [145] and social learning [146]. Nevertheless, 
few studies have so far looked at the long-term maintenance/feasibility? 
of positive behavioural shifts resulting from gamification [147]. 
4. Expanding global action space: a new ‘model’ for modelling 
Apart from designing and simulating modelling scenarios heavily 
orienting on different magnitudes of lifestyle changes across a diverse 
set of dimensions and socioeconomic groups, the transitions research 
agenda must first take note of the criticisms and shortcomings of the 
current generation of models, in both the supply [148] and the demand 
side [149]. For instance, modelling work should distinguish voluntary 
behavioural changes from changes due to policy implementation—e.g. 
how people adapted to the COVID-19 reality and what part of this new 
norm was enforced by the policy response. This distinction should be 
made before delving into behavioural change to the level of under-
standing the drivers of such changes and how these may develop, or how 
interventions can help push macro-level developments towards desired 
trajectories [150]. Any modelling exercise aimed at building this un-
derstanding must therefore begin by defining model parameters, as-
sumptions and scenario drivers in terms of efficiency, technological 
substitution and lifestyle change [41], and in terms of efficiency, con-
sistency and sufficiency [151] and other distinctions or frameworks 
[40]. Models can help identify the role of diverse lifestyle profiles among 
different social groups, thereby serving to assess the impact of top-down 
mitigation policy on different groups in society and allowing to explore 
the impact of potential growth of specific lifestyle profiles on achieving 
emissions cuts. 
Anchoring modelling scenarios to maximising the potential of 
negative emissions technologies [152], or assuming complete lifestyle 
change-driven decarbonisation scenarios [42] can be both meaningful 
and insightful but potentially detached from reality and policy, 
compared to exploring different levels of behavioural changes. Scenario 
design must orient on existing and emerging knowledge gaps, consid-
ering understudied socioeconomic conditions. These should include but 
are not limited to societal value changes, such as those across the 
usership-ownership spectrum [153] or diet change elasticities [154]; 
alternative or emerging business models and sociotechnical trends, such 
as those sustaining a sharing economy [155]; novel legal frameworks 
and voluntary inter-industry agreements; socio-technical innovation 
rates; and integration of digital services [156]. 
Meanwhile, the modelling community should rapidly accelerate its 
initial efforts to investigate alternative deliberation options: those that 
go beyond the “cost-effectiveness” mode [157], which prioritises un-
derstanding how to achieve the warming cap at the lowest possible cost. 
Such options can include: exploring a diversity of scenarios that reflect a 
range of desirable transitions to achieve different decarbonisation goals 
[158]; understanding “robust” strategies to achieving such goals [159] 
in the face of a range of future scenarios; seeking mechanisms to handle 
counter-GDP-growth scenarios of negative growth; and downscaling and 
degrowth/post-growth implications. At the same time, the modelling 
community has realised that there is no “one model fits all” approach 
and it should build on its efforts to make IAMs increasingly sophisticated 
by supplementing them with a range of other tools and analytical 3 https://www.conventioncitoyennepourleclimat.fr/en/ 
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techniques, to cover temporal and spatial scales that currently cannot 
realistically be represented [148]. For example, by combining long- 
range IAMs with short-term models of the macro-economy, useful in-
sights can be gleaned on the full range of potential impacts of shocks, 
such as COVID-19 and associated policy and societal responses. 
Different implications of pervasive technological change can be 
considered in models, including negative effects and ways to mitigate 
them [160]. These could encompass overall rebound effects linked with 
the emergence of new energy-expensive services and improved effi-
ciency in digitalisation and future convergence of currently individual 
services, considering recent past trends, such as data transfer, search 
engine innovations, streaming needs, cryptocurrency and associated 
computing demands [161]. They can also encompass a broader 
consideration of emerging social trends, such as the increased substi-
tution of artificial intelligence and robotics for labour, or mega-trends 
emerging from movements (with implications) for climate action, like 
flight-shaming (‘flygskam’), train bragging (‘tågskryt’) and vegan life-
styles (‘Veganuary’) [162]. Such considerations, along with their posi-
tive and negative effects [163], including the arguments regarding 
individualisation of responsibility [164] can affect the employed 
modelling approaches and scenario building, so that digital capacity and 
accumulation of human and social capital be considered, and pervasive 
uncertainties be represented in the scenarios, building upon and aug-
menting the standardised energy demand, intensity assumptions and 
flexibility of the SSP framework. 
Apart from co-developing inputs, effort must be put into enhancing 
the robustness of modelling outcomes and providing policymakers with 
information on the level of certainty over selecting feasible technologies 
or policies [165,166,167]. Significant work in the modelling community 
must also be done in improving transparency, by opening the scientific 
processes to stakeholders. This goes beyond the open nature of models 
and refers to the input data and scenarios driving these models. This is 
especially relevant for the civil society, the motives, strategies and 
concerns of whom must be thoroughly considered and addressed [168] 
when looking into behavioural aspects, allowing for increased owner-
ship and therefore robustness of resulting policy prescriptions [1]. Upon 
explicitly linking outputs with assumptions, modellers should therefore 
focus on harmonising common socioeconomic and technological pa-
rameters as well as scenario narratives for modelling activities and 
invest in clearly exploring the scope of modelling interlinkages, defining 
the capacity for data exchange, enabling sequential or parallel integra-
tion of the models. This will allow for model inter-comparison projects, 
where the differences among trajectories resulting from different models 
can be attributed to their specificities alone. 
Here, various frameworks [169,170] can be used to scrutinise how 
changes also come about: whether it is bouncing back, i.e. maintaining 
the status quo, mainstream pathways, as could be the case of recovering 
from COVID-19 only to return to the previous norm of exclusion and 
inequality [171]; whether it is about transitions, i.e. incremental 
changes or on-stream/off-stream pathways, as is the case of Green New 
Deals; or whether it refers to transformational, radical change, which 
implies not only a socio-cultural shift but also a political undertaking, 
rethinking dynamics of power and practice [172]. In the latter options, 
the question of legitimacy is raised on who gets to be a part of the 
decision-making process, taking on board transformative principles of 
inclusivity and diversity of voices. 
5. An interdisciplinary and transdisciplinary integration process 
Co-producing knowledge is a challenging task that must be carried 
out from both an interdisciplinary (across different disciplines) and a 
transdisciplinary (cross-actoral and cross-sectoral) lens. These are 
widely used in addressing the current tranformations in the relations 
between research, economy and society. Interdisciplinarity is a mode of 
research that integrates data, tools, perspectives, concepts, and/or the-
ories from multiple disciplines to advance fundamental understanding 
or to find solutions beyond the scope of a single discipline [173]; while 
transdisciplinarity is a reflexive, mutual learning, method-driven sci-
entific principle [174], that aims at solving societal problems charac-
terised by complexity and diversity. It does so by differentiating and 
integrating various bodies of knowledge and inputs [175] from a wide 
range of stakeholders [176,177], like community, practitioners, and 
indigenous perspectives [178]. In this context, co-production entails a 
collaborative process of knowledge production, which uses integration 
as a means to combine scientific and local/traditional bodies of 
knowledge contributing to a holistic understanding [179]. 
Integration is widely regarded as the core process underpinning 
interdisciplinary and transdisciplinary research [180], enabling scien-
tists to combine different disciplinary theories, methods and perspec-
tives with an overarching aim of arriving to common ground. It includes 
insights, practices, frameworks, or concepts shared by multiple or all 
participants in different phases of a research process [181]. There is no 
universal model of how integration should be developed because 
interdisciplinary and transdisciplinary projects vary in purpose, scale 
and scope, and because it depends on the problems and questions at 
hand, the mix of expertise, and the degree of coordination [182]. 
Through integration, the framework proposed in this study goes beyond 
the spatial disaggregation of where we are, where we want to go and 
how we get there [183]. It rather makes a case of reinstating science in 
society and legitimising different types of knowledge [180] towards 
exploring the broad spectrum of the potential for and impacts of 
behavioural changes, based on individual, community, national and 
global action for climate change. In understanding the desirability of 
sustainability, transitions research can employ an agenda fuelled by 
knowledge co-produced by scientists and citizens alike from a trans-
disciplinary lens, one that bridges different disciplines and agendas in an 
interdisciplinary setting, and one that can explore and provide holistic 
insight into the interplay between individual behaviours and macro- 
level changes, and with factors such as language, culture and economy 
setting the drivers toward this change (Fig. 1). 
We also acknowledge that, as the basis to build a collaborative 
endeavour inter alia promoting novelty and rigor in energy social sci-
ence [184], integration cannot happen automatically. It requires time 
and resources to build spaces of trust and deliberation [181,185], as well 
as a “shared understanding” for collective learning that considers the 
real complexity of the local context and governance [186]. Rather, it 
must be guided by a structured method [187] and supported by inter-
disciplinary integration of specific tools and methods [188]: theoreti-
cally in terms of ontological and epistemological relations, and 
practically in terms of interconnections in the local contexts that the 
transdisciplinary agenda must aspire to engage and represent [189], 
thereby fostering unity across practices and adaptability to local do-
mains [190]. 
6. Concluding remarks 
Scientific support to climate action is not only about exploring ca-
pacity of what, in terms of policy and outcome. It is also about assessing 
feasibility and desirability, in terms of when, where and especially for 
whom. The world stands at a critical crossroads, where big investments 
are needed in supply-side technologies. Policy and business alike are 
increasingly aware of the huge potential for behaviours and lifestyles to 
help or hinder the sustainability transitions, and of the need to under-
stand them better before making said investments. An undesired glimpse 
of a rapid reorganisation in societal and individual behavioural change 
was experienced with the COVID-19 crisis. However, despite the trauma, 
lessons can be learnt. In science, many have pointed to the need for a 
new transitions research agenda that integrates social science and 
modelling, but few have demonstrated how to coherently do so. In this 
perspective, we have made an effort to contribute to bridging this gap, 
by outlining a framework to do this from multiple perspectives and 
across multiple disciplines. 
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From a scientific point of view, theoretical modelling does not cap-
ture reality but can provide a conditionally useful approximation to it 
[191]. In the case of human behaviour and the purpose of understanding 
it, science can benefit from insights from the agents themselves. Society 
can also gain from such an agenda: not only can citizens have some grasp 
of science by gaining access to how knowledge is produced [192], but 
they can also be a part of the knowledge production (or “co-construc-
tion” [193]) and help co-define the policy agenda, thereby gaining 
greater control over the decisions that affect their lives [194]. And the 
policy perspective can take on a political ecology agenda, committed to 
big changes with citizens and ecology at the heart, with hope and 
imagination fuelling new forms of governance. 
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[49] J.D. Tàbara, A.L.S. Clair, E.A. Hermansen, Transforming communication and 
knowledge production processes to address high-end climate change, Environ. 
Sci. Policy 70 (2017) 31–37. 
[50] N. Castree, W.M. Adams, J. Barry, D. Brockington, B. Büscher, E. Corbera, 
P. Newell, Changing the intellectual climate, Nat. Clim. Change 4 (9) (2014) 
763–768. 
[51] L. Steg, Limiting climate change requires research on climate action, Nat. Clim. 
Change 8 (9) (2018) 759–761. 
[52] F.W. Geels, F. Berkhout, D.P. van Vuuren, Bridging analytical approaches for low- 
carbon transitions, Nat. Clim. Change 6 (6) (2016) 576–583. 
[53] J. Lieu, S. Hanger-Kopp, O. van Vliet, A.H. Sorman, Assessing risks of low-carbon 
transition pathways, Environ. Innovation Societal Transitions 35 (2020) 
261–270. 
[54] G. Feola, Capitalism in sustainability transitions research: Time for a critical turn? 
Environ. Innovation Societal Transitions 35 (2020) 241–250. 
[55] J. Clausen, K. Fichter, The diffusion of environmental product and service 
innovations: Driving and inhibiting factors, Environ. Innovation Societal 
Transitions 31 (2019) 64–95. 
[56] T. Hoppe, G. De Vries, Social innovation and the energy transition, Sustainability 
11 (1) (2019) 141. 
[57] C. Perez, Technological revolutions and techno-economic paradigms, Camb. J. 
Econ. 34 (1) (2010) 185–202. 
[58] T. Hargreaves, L. Middlemiss, The importance of social relations in shaping 
energy demand, Nat. Energy 5 (2020) 195–201. 
[59] S. Sorrell, B. Gatersleben, A. Druckman, The limits of energy sufficiency: A review 
of the evidence for rebound effects and negative spillovers from behavioural 
change, Energy Res. Social Sci. 64 (2020), 101439. 
[60] S. Alexander, J. Floyd, M. Lenzen, P. Moriarty, G. Palmer, S. Chandra-Shekeran, 
L. Keyßer, Energy descent as a post-carbon transition scenario: How ‘knowledge 
humility’reshapes energy futures for post-normal times, Futures (2020), https:// 
doi.org/10.1016/j.futures.2020.102565. 
[61] A. Stirling, Transforming power: Social science and the politics of energy choices, 
Energy Res. Social Sci. 1 (2014) 83–95. 
[62] M.T. Huber, Energy and social power: from political ecology to the ecology of 
politics, in: The Routledge Handbook of Political Ecology, Taylor and Francis Inc., 
2015, pp. 481–492. 
[63] D.A. McCauley, R.J. Heffron, H. Stephan, K. Jenkins, Advancing energy justice: 
the triumvirate of tenets, Int. Energy Law Rev. 32 (3) (2013) 107–110. 
[64] K. Jenkins, Setting energy justice apart from the crowd: lessons from 
environmental and climate justice, Energy Res. Social Sci. 39 (2018) 117–121. 
[65] B.K. Sovacool, Adaptation: The complexity of climate justice, Nat. Clim. Change 3 
(11) (2013) 959–960. 
[66] G. Pellegrini-Masini, A. Pirni, S. Maran, Energy justice revisited: A critical review 
on the philosophical and political origins of equality, Energy Res. Social Sci. 59 
(2020), 101310. 
[67] J. Fathallah, P. Pyakurel, Addressing gender in energy studies, Energy Res. Social 
Sci. 65 (2020), 101461. 
[68] J. Clancy, F. Ummar, I. Shakya, G. Kelkar, Appropriate gender-analysis tools for 
unpacking the gender-energy-poverty nexus, Gender Dev. 15 (2) (2007) 241–257. 
[69] G. Terry, No climate justice without gender justice: An overview of the issues, 
Gender Dev. 17 (1) (2009) 5–18. 
[70] R. Hopkins, From What Is to What If: Unleashing the Power of Imagination to 
Create the Future We Want, Chelsea Green Publishing, 2019. 
[71] M.A. van Sluisveld, A.F. Hof, S. Carrara, F.W. Geels, M. Nilsson, K. Rogge, D. 
P. van Vuuren, Aligning integrated assessment modelling with socio-technical 
transition insights: An application to low-carbon energy scenario analysis in 
Europe, Technol. Forecast. Soc. Chang. 151 (2020), 119177. 
[72] A. Nikas, H. Doukas, J. Lieu, R.A. Tinoco, V. Charisopoulos, W. van der Gaast, 
Managing stakeholder knowledge for the evaluation of innovation systems in the 
face of climate change, J. Knowl. Manage. 21 (5) (2017) 1013–1034. 
[73] Nikas, A., Neofytou, H., Karamaneas, A., Koasidis, K., & Psarras, J. (2020). 
Sustainable and socially just transition to a post-lignite era in Greece: a multi- 
level perspective. Energy Sources, Part B: Economics, Planning, and Policy, 1–32. 
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[115] A. Nikas, H. Doukas, L.M. López, A group decision making tool for assessing 
climate policy risks against multiple criteria, Heliyon 4 (3) (2018), e00588. 
[116] L. Song, J. Lieu, A. Nikas, A. Arsenopoulos, G. Vasileiou, H. Doukas, Contested 
energy futures, conflicted rewards? Examining low-carbon transition risks and 
governance dynamics in China’s built environment, Energy Res. Social Sci. 59 
(2020), 101306. 
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Paassen, G. Trébuil, Companion modelling for integrated renewable resource 
management: a new collaborative approach to create common values for 
sustainable development, Int. J. Sustain. Dev. World Ecol. 17 (1) (2010) 15–23. 
[146] M.M. Van der Wal, J. De Kraker, C. Kroeze, P.A. Kirschner, P. Valkering, Can 
computer models be used for social learning? A serious game in water 
management, Environ. Modell. Software 75 (2016) 119–132. 
[147] D. Johnson, E. Horton, R. Mulcahy, M. Foth, Gamification and serious games 
within the domain of domestic energy consumption: A systematic review, Renew. 
Sustain. Energy Rev. 73 (2017) 249–264. 
A. Nikas et al.                                                                                                                                                                                                                                   
Energy Research & Social Science 70 (2020) 101780
9
[148] A. Gambhir, I. Butnar, P.H. Li, P. Smith, N. Strachan, A review of criticisms of 
integrated assessment models and proposed approaches to address these, through 
the lens of BECCS, Energies 12 (9) (2019) 1747. 
[149] J.D. Farmer, C. Hepburn, P. Mealy, A. Teytelboym, A third wave in the economics 
of climate change, Environ. Resour. Econ. 62 (2) (2015) 329–357. 
[150] J.D. Farmer, C. Hepburn, M.C. Ives, T. Hale, T. Wetzer, P. Mealy, R. Way, 
Sensitive intervention points in the post-carbon transition, Science 364 (6436) 
(2019) 132–134. 
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expansion of climate mitigation policy interventions, the Talanoa Dialogue and 
the role of behavioural insights, Environ. Res. Commun. 1 (6) (2019), 061001. 
[184] B.K. Sovacool, J. Axsen, S. Sorrell, Promoting novelty, rigor, and style in energy 
social science: towards codes of practice for appropriate methods and research 
design, Energy Res. Social Sci. 45 (2018) 12–42. 
[185] A. Ernst, A. Fischer-Hotzel, D. Schumann, Transforming knowledge for 
sustainability: Insights from an inclusive science-practice dialogue on low-carbon 
society in Germany, Energy Res. Social Sci. 29 (2017) 23–35. 
[186] C. Pahl-Wostl, A conceptual framework for analysing adaptive capacity and multi- 
level learning processes in resource governance regimes, Global Environ. Change 
19 (3) (2009) 354–365. 
[187] Bammer, G. (2006). A systematic approach to integration in research. In 
Integration Insights Canberra, Australia: The National Centre for Epidemiology 
and Population Health, ANU College of Medicine and Health Sciences, The 
Australian National University. 
[188] Pohl, C. & Wülser, G. (2019). Methods for Co-production of knowledge among 
diverse disciplines and stakeholders. In Strategies for Team Science Success: 
Handbook of Evidence-based Principles for Cross-Disciplinary Science and 
Practical Lessons Learned from Health Researchers (Eds K. L. Hall, A. L. Vogel and 
K. Crowston). Springer. 
[189] O’Rourke, M. (2017). Comparing methods for cross-disciplinary research. In The 
Oxford Handbook of Interdisciplinarity: Second Edition, 276-290 (Eds R. 
Frodeman, J. T. Klein and R. C. S. Pacheco). Oxford: Oxford University Press. 
[190] S.L. Star, J.R. Griesemer, Institutional ecology, translations’ and boundary 
objects: Amateurs and professionals in Berkeley’s Museum of Vertebrate Zoology, 
1907–39, Soc. Stud. Sci. 19 (3) (1989) 387–420. 
[191] G.E. Box, J.S. Hunter, W.G. Hunter, Statistics for Experimenters: Design, 
Innovation, and Discovery (Volume 2), Wiley-Interscience, New York, USA, 2005. 
[192] Watts, J. (2020). Interview with Bruno Latour: ’This is a global catastrophe that 
has come from within’ for The Guardian, 6th June https://www.theguardian. 
com/world/2020/jun/06/bruno-latour-coronavirus-gaia-hypothesis-climate-cr 
isis. 
[193] M. Montedonico, F. Herrera-Neira, A. Marconi, A. Urquiza, R. Palma-Behnke, Co- 
construction of energy solutions: Lessons learned from experiences in Chile, 
Energy Res. Social Sci. 45 (2018) 173–183. 
[194] P. Scherhaufer, S. Höltinger, B. Salak, T. Schauppenlehner, J. Schmidt, 
A participatory integrated assessment of the social acceptance of wind energy, 
Energy Res. Social Sci. 45 (2018) 164–172. 
A. Nikas et al.                                                                                                                                                                                                                                   
